Background: Platelet-rich plasma (PRP) contains high concentrations of autologous growth factors that originate from platelets. Intra-articular injections of PRP have the potential to ameliorate the symptoms of osteoarthritis in the knee. Superficial zone protein (SZP) is a boundary lubricant in articular cartilage and plays an important role in reducing friction and wear and therefore is critical in cartilage homeostasis.
Normal articular cartilage maintains a well-lubricated surface with an extremely low coefficient of friction to minimize wear and promote lifelong painless joint mobility. 8 Superficial zone protein (SZP), also known as lubricin or PRG4, 17, 18 is synthesized and secreted into synovial fluid (SF) by the surface zone articular chondrocytes and synoviocytes in the synovium. 31, 37 In addition, SZP acts as a chondroprotective barrier against direct solid-to-solid contact in joints when kinematic conditions, such as high loading and low sliding speeds, are conducive to surface sliding in the boundary lubrication mode. 27, 30 Finally, SZP is encoded by the PRG4 gene. A mutation in this gene has been shown to result in CACP (camptodactyly-arthropathy-coxa vara-pericarditis) syndrome in humans. This syndrome results in early-onset noninflammatory joint damage and failure with a loss of superficial zone chondrocytes, fouling of the articular surface, and synovial hyperplasia. 5, 26 Mice lacking the Prg4 gene are born with normal joints but develop a CACP-like phenotype during maturation with an attendant increase in friction and decrease in cartilage stiffness. 9, 35 The pathophysiology of joints lacking functional copies of the PRG4 gene demonstrates the importance of SZP to synovial joint development and homeostasis. 27 Cartilage lubrication also plays a role in the progression of osteoarthritis (OA). Studies of induced and posttraumatic OA in small and large animal models have shown that SZP production and SF lubricity decrease after injury. 12, 20 These results have been observed and corroborated in humans with early and chronic knee OA. 11, 25 Animal studies suggest that intra-articular administration of recombinant or purified SZP can reduce cartilage degeneration after knee injury. 15, 19 Interestingly, in humans with advanced OA who required total knee replacement surgery, SZP expression in the arthritic cartilage is elevated relative to age-matched controls, suggestive of a late-stage compensation mechanism. 29 Overall, animal models suggest that maintaining or restoring cartilage lubrication may be important for the prevention or treatment of OA.
Concentrates of autologous platelet-rich plasma (PRP) have been utilized with increasing frequency in the treatment of musculoskeletal maladies, such as chronic sportsrelated injuries of the muscles and tendons, owing to their degenerative nature and the tissues' limited capacity for self-repair. 28 The appeal of stimulating tissue regeneration by PRP is based on the presence of growth factors and cytokines in the platelets, which induce cellular proliferation, migration, differentiation, and matrix synthesis. 2, 3, 14 More recently, several clinical studies showed significant improvement with PRP treatment for OA compared with hyaluronan/hyaluronic acid injection and placebo. 7, 13, 32, 36, 40 A systematic review concluded that multiple intra-articular PRP injections might have beneficial effects in the treatment of mild to moderate knee OA at 6 months. 22 In addition to cell proliferation, differentiation, and matrix synthesis, the functional mechanisms of PRP in OA treatment have been explained by its effect on modulating inflammation and angiogenesis, as well as maintaining joint homeostasis. 2, 14 However, despite the increased interest in PRP use for the treatment of OA, the precise mechanisms and effects of PRP on knee joint tissues remain unclear. To elucidate how PRP might be effective in the treatment of OA of the knee, this investigation sought to examine the effects of PRP on SZP production by synovium-, articular cartilage-, and anterior cruciate ligament (ACL)-derived cells. In addition, the lubrication properties of PRP and its effects on articular cartilage friction were also evaluated.
METHODS

Samples
Articular cartilage, synovium, and torn ACL remnants were obtained from 12 patients undergoing ACL reconstructive surgery (mean age, 26.7 6 7.1 years). Articular cartilage was obtained from a standard notchplasty during the ACL reconstruction, and synovial tissue was obtained from the area of the fat pad. None of the patients had evidence of articular cartilage injury or degeneration in the knee at the time of arthroscopy. All subjects provided informed consent to have their discarded tissues used for the experimental assays. The study was approved by the Institutional Review Board of our institution.
Cell Isolation and Expansion
Tissues were minced into small pieces and digested with 0.2% collagenase P (Roche) and 3% fetal bovine serum (FBS; Gibco) in Medium A consisting of DMEM/F12 (Gibco) supplemented with 50 mg/mL of ascorbate-2-phosphate (Sigma-Aldrich), 0.1% bovine serum albumin (Sigma-Aldrich), and antibiotics at 37°C. The digestion time was 2 hours for synovium tissues and 3 hours for cartilage and ACL tissues. Cells released from the tissues were filtered through a 70-mm cell strainer (BD Biosciences) and rinsed with DMEM/F-12. The isolated cells were seeded onto a culture plate for expansion with Medium A supplemented with 10% FBS at 37°C in a humidified 5% CO 2 incubator. Culture media was changed twice a week. Proliferated cells from the second passage were used in experiments.
PRP Preparation
Whole blood samples were collected from 7 healthy donors after informed consent was obtained. The healthy blood donors were different from the patients who donated the tissues, articular cartilage, synovium, and ACL. The Autologous Conditioned Plasma Double Syringe System (Arthrex) was used to prepare PRP in accordance with the manufacturer's instructions. Two previously published methods were utilized for activation: (1) 100 U/mL of bovine thrombin was added to PRP and incubated for 30 minutes at room temperature 1 ; (2) PRP was frozen with liquid nitrogen for 1 minute and thawed at 37°C for 10 minutes for 3 cycles (freeze/thaw). 41 Activated PRP was centrifuged for 5 minutes at 8000 revolutions per minute, and the supernatant was harvested. Nonactivated PRP aliquots were also centrifuged.
Cell Proliferation Assay
Cells were seeded in a monolayer at a density of 1 3 10 5 cells/well (2.5 3 10 4 cells/cm 2 ) in 12-well culture plates (Corning) in Medium A with 10% FBS and incubated for 24 hours. Next, the medium was changed to fresh Medium A with 1% ITS1 Premix (BD Biosciences) containing 10% PRP and incubated for 3 days. As the untreated control group, the cells were cultured in the Medium A with 1% ITS1 Premix without 10% PRP. Triplicate cell samples were then enumerated by 2 independent observers manually with a hemocytometer with blinded condition, and the numbers were averaged. The culture media was harvested for protein analysis.
Enzyme-Linked Immunosorbent Assay for SZP
Since the majority of SZP is secreted into the culture medium, 37 the media was harvested after the 3-day PRP treatment, and SZP media accumulation was measured by an enzyme-linked immunosorbent assay (ELISA) with purified bovine SZP as a standard. 31 Levels of SZP from activated and nonactivated PRP were also measured. Briefly, each well of 96-well MaxiSorp plates (Nalge Nunc) was coated with 1 mg/mL of peanut lectin (EY Laboratories) in 50mM sodium carbonate buffer (pH 9.5). The wells were then blocked with 1% bovine serum albumin in the same buffer for at least 2 hours. Aliquots of culture medium were incubated in the wells. Thereafter, the wells were incubated overnight with monoclonal antibody S6.79 (1:5000; a generous gift from Dr T. Schmid, Rush Medical College) as the primary antibody at 4°C and then incubated at room temperature for 1 hour with goat anti-mouse IgG conjugated with horseradish peroxidase (1:3000; Bio-Rad) as the secondary antibody. SuperSignal ELISA Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) was added, and the results were quantified in a luminometer. The wells were washed with phosphate buffered saline containing 0.05% Tween 20 after each step. Concentrations of SZP were calculated using a bovine SZP standard, which was purified by affinity chromatography on a peanut lectin column. Purity was verified by immunoblot analysis. The concentration of the SZP standard was quantified using a Micro BCA Protein Assay Kit (Thermo Fisher Scientific). 24, 31 Friction Testing Cartilage tissue samples for determining the lubrication properties of PRP were obtained from the lateral femoral condyle of 3-month-old bovine stifle joints. The 4 cartilage samples were harvested from each animal, and the samples examined were obtained from a pair of joints from 1 calf. Before the initiation of each friction experiment, the cylindrical cartilage explants (5-mm diameter 3 4 mm thick) were equilibrated in 5 mL of the test lubricant for 2 minutes before measurement to minimize any fluid effects during tests. For friction coefficient measurement, cylindrical explants slide against a glass plate in a pin-on-disk tribometer at a speed of 0.5 mm/second and an average contact pressure of 100 kPa for 5 minutes. For comparison, saline, high molecular weight hyaluronan (Orthovisc; Anika Therapeutics), and bovine SF (harvested by micropipette from bovine joint during dissection of the articular cartilage plug) were also examined. The data were analyzed using a standard software package (Excel; Microsoft).
Statistical Analysis
To investigate the effect of PRP on cell proliferation and SZP production from each cell source, a sample size of 10 to 12 was used. For determining the SZP content of PRP, 7 healthy donors were used. In the cell proliferation assay, the values were calculated relative to their respective control groups. Values are presented as the mean 1 SD. A 1-way analysis of variance (ANOVA) was performed for the cell proliferation and SZP content of PRP results. For analysis of SZP accumulation due to PRP treatment, a 2-way ANOVA was used. If a significant difference was found, a Tukey-Kramer post hoc test was conducted. For the cartilage friction test, a pairwise Student t test was employed. P values \.05 were considered significant. Treatment groups (a, b, c, d) and factors (cell source: a, b, g; treatment: A, B, C) not connected by the same letter were found to be significantly different. All statistical analyses were performed using the JMP statistical software package (SAS).
RESULTS
Stimulation of Cell Proliferation by PRP in Knee Joint Tissues
Treatment with PRP significantly influenced cell proliferation in all cells examined (P \ .0001). For all cell sources, nonactivated and activated PRP treatment significantly stimulated cell proliferation when compared with control and thrombin-treated groups (Figure 1 ). In addition, PRP activation methods had no effect on proliferation in articular cartilage-derived cells ( Figure 1A ), synovium-derived cells ( Figure 1B) , and ACL-derived cells ( Figure 1C ). Only in ACL-derived cells, freeze/thaw-activated PRP did not show significant difference from nonactivated PRP ( Figure 1C ). Since bovine thrombin was used as a method of PRP activation, the effects of thrombin alone were also examined. As expected, thrombin did not significantly affect cell proliferation. Notably, thrombin-activated PRP increased cell proliferation around 4-fold greater than control cultures in synovium-derived cells.
Stimulation of SZP Synthesis by PRP in Knee Joint Tissues
To determine if PRP contained SZP before activation, an ELISA was performed to quantify the amount of SZP in culture medium supplemented with 10% PRP. After 10% PRP media was incubated without cells for 3 days under in vitro culture conditions, the SZP level of PRP in the incubated culture medium was 95.7 6 3.7 mg/mL in nonactivated PRP, 108.6 6 13.1 mg/mL in thrombin-activated PRP, and 98.2 6 18.8 mg/mL in freeze/thaw-activated PRP. To account for this baseline concentration from endogenous SZP in incubated PRP in culture media, these concentrations were subtracted from the measurements of SZP in the culture media obtained from the cells in this investigation. The difference was considered to be newly synthesized SZP that accumulated in the medium from the monolayer cell cultures.
A 2-way ANOVA was used to compare the effects of cell source and PRP treatment on SZP production ( Figure 2 ). Both cell source and treatment conditions had significant effects on SZP synthesis (P \ .0001). Among all cell sources, synovium-derived cells produced the highest amounts of SZP, followed by articular cartilage-derived cells, which produced almost 58% as much SZP when stimulated with activated PRP. The ACL-derived cells synthesized the lowest amount SZP of the 3 tissues examined.
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With regard to the treatment, PRP significantly stimulated SZP accumulation compared with control and bovine thrombin treatment (P \ .0001). Bovine thrombin alone had no effect on SZP synthesis (P = .27). Overall, activated PRP, whether by thrombin or freeze/thaw methods, induced significantly higher SZP accumulation than did nonactivated PRP (P \ .001). No statistical differences were observed between activation methods (P = .99). Specifically, synovium-derived cells treated with activated PRP showed a ten-fold increase in SZP synthesis. Nonactivated PRP produced a 7-fold increase compared with untreated synoviumderived cells. Among articular cartilage-derived cells, PRP treatment induced a 4-to 5-fold increase in SZP accumulation compared with untreated control. The ACL-derived cells did not significantly increase SZP production in response to any of the employed treatments.
Presence of SZP in the PRP
The SZP concentrations of nonactivated PRP, thrombinactivated PRP, and freeze/thaw-activated PRP were determined to be 2.89 6 1.23 mg/mL, 3.02 6 1.32 mg/mL, and 3.20 6 1.64 mg/mL, respectively (Figure 3 ). When these PRP activation methods were compared using a 1-way ANOVA, the SZP content of PRP was not found to be influenced by the method of activation (P = .927).
Lubrication Properties of PRP
In general, PRP was found to lubricate cartilage equal to SF under boundary mode conditions (Figure 4 ). There were no significant differences (P . Figure 2 . Superficial zone protein (SZP) synthesis in synovial joint tissues is stimulated by platelet-rich plasma (PRP) treatment. Joint tissue-derived cells were cultured with or without PRP treatment for 3 days in monolayer culture, and SZP accumulation in the cell culture supernatants was quantified by enzyme-linked immunosorbent assay (ELISA). Both cell source and treatment condition had significant effects on SZP synthesis (P \ .0001). Among all cell sources and treatments, groups of symbols-a, b, g and A, B, C-indicate statistically significant differences. The post hoc test was conducted with each group, and a, b, and c indicate statistically significant differences with those not sharing the same letter. Treatment with PRP resulted in greater production of SZP from synovium-derived and articular cartilage-derived cells, with activated PRP (thrombin-and freeze/thaw-activated PRP) eliciting a greater increase in SZP synthesis as compared with nonactivated PRP. Bovine thrombin had no effect on SZP synthesis. Values are presented as mean 1 SD for 12 samples per group. ACL, anterior cruciate ligament.
the greatest cartilage friction coefficient (m = 0.080) of the lubricants examined (P \ .006).
DISCUSSION
The treatment of synovial joint tissues with PRP elicits both biochemical and biophysical responses. The paramount finding of this study was that PRP treatment of synoviocytes and articular chondrocytes in vitro induced a significant increase in SZP synthesis: 10-fold increase in SZP produced by synovium-derived cells and a nearly 5-fold increase in SZP secreted by articular cartilagederived cells, as compared with untreated controls. Furthermore, PRP unexpectedly contained a significant amount of endogenous SZP, suggesting that PRP could function as an effective boundary lubricant for articular cartilage. This inference was confirmed when we determined that nonactivated and thrombin-activated PRP produced cartilage friction coefficients equivalent to bovine SF in a cartilage friction coefficient assay. These results suggest that PRP may function to promote regeneration through enhanced cell proliferation, as well as inhibit cartilage degeneration by reducing friction and wear. There are several reports on the effect of PRP on proliferation of the chondrocytes and synoviocytes. In chondrocytes, all previous reports demonstrated that PRP stimulates cell proliferation. 2, 14, 22, 32, 39 However, some of these studies demonstrated that PRP only stimulates cell proliferation but does not enhance chondrogenic differentiation. 10, 16 Most others reported an increase in chondrocyte proliferation without affecting maintenance of the chondrogenic phenotype with addition of PRP as compared with a control. 13, 39 In addition, earlier work demonstrated that chondrocytes cultured in the presence of PRP synthesized significantly more proteoglycan and type II collagen and stimulated expression of Sox9 and aggrecan, as opposed to that cultured with human serum or FBS. 1, 41 In synoviocytes, Anitua et al 4 reported that PRP induced a significant proliferative response in synoviocytes and secretion of extracellular matrix as compared with nonstimulated synoviocytes. In this study, we found that PRP enhanced cell proliferation of each cell source. Although the effect of PRP on extracellular matrix synthesis or cell metabolism was not measured, we found that PRP stimulates the SZP synthesis in this study.
Platelet activation increases the potency of PRP by leading to degranulation, or the release of platelet a-granule contents, and by supplying growth factors such as transforming growth factor b, vascular endothelial growth factor, and fibroblast growth factor. 3 Two methods were employed to induce platelet degranulation: thrombin initiation of the clotting cascade 1 and the mechanical rupture of the platelet membrane by freezing and thawing. 41 There were no significant differences in efficacy of SZP production ( Figure 2 ) or cellular proliferation (Figure 1 ) between these activation methods for synovium-and articular cartilage-derived cells. Activation of platelets also did not affect the concentration of SZP in the PRP, demonstrating that the SZP resides in the plasma rather than within the platelet granules ( Figure  3 ). While bovine thrombin was employed in this study, previous studies have shown it to be similarly effective to human thrombin in initiating the clotting cascade. 38 These results show that PRP activation is required for the maximal effect and suggest that a granules are the source of the biochemical signals in PRP. In addition to stimulating SZP synthesis, PRP contains SZP and functions as a boundary lubricant; PRP contains a relatively modest concentration of SZP in comparison to normal human SF (Figure 3 ). Although SZP was reported to be present in plasma and serum, 42 this study is the first to identify the presence and efficacy of SZP in PRP preparations. The reported concentration of SZP in human SF ranges from 250 to 287 mg/mL. 11, 25 In cases of primary and secondary OA, SZP levels and the boundary lubrication properties of human SF were found to be reduced as compared with SF from uninjured knees. 11, 19, 25 Despite possessing a lower level of SZP, PRP was found to be an optimal lubricant for the cartilage (Figure 4 ) and may provide an autologous and renewable source for replenishing the diminished boundary-lubricating ability of SF in injured and arthritic knees. In addition to the SZP content in PRP, nonactivated PRP and thrombin-activated PRP showed similar friction coefficient. This result suggests that in terms of lubrication properties of PRP, plasma components in the PRP rather than growth factors may be the major contributor to boundary lubrication. While hyaluronan improves the hydrodynamic lubrication properties of SF through enhanced viscosity, the current study and others have shown that hyaluronan does not, in solo, contribute to cartilage lubrication under boundary mode conditions. 27 In combination with SZP, hyaluronan contributes to synergistically reducing friction and dissipating shear forces within SF. 21 Additional studies are needed to elucidate the lubricating components and biotribological properties of PRP and to determine any possible combinatorial effects with hyaluronan.
Activated PRP has been shown to contain transforming growth factor b1, 3 a critical anabolic regulator of SZP synthesis. 31 On the basis of this evidence, we hypothesized and demonstrated that administration of PRP would stimulate SZP synthesis from knee-derived cells. Our results support the concept that through inducing and supplementing SZP production in intra-articular cells, PRP may play an important role in maintaining the joint surface and overall joint homeostasis. It would seem plausible that enhanced production of SZP may prove beneficial as well in retarding degeneration of the articular surface and may account for the mechanism whereby improvement in symptoms in patients with knee arthritis has been observed after treatment with PRP. Systematic reviews of in vitro studies showed an overall positive effect of PRP on cartilage tissue. 2, 14 Most findings support the role of PRP in increasing chondrocyte proliferation and matrix synthesis. In previous reports, PRP was found to influence the entire joint environment by attracting mesenchymal stem cells, 23 modulating inflammation, 33, 43 maintaining joint homeostasis, and reducing pain. 6 However, there is still a debate over the efficacy and use of PRP in joint tissues, and the mechanism of action is still unclear. For example, a standardized protocol for the preparation and characterization of PRP is needed. This is also a limitation of this study, as only 1 commercially available PRP preparation system was employed. It is plausible that PRP with higher platelet concentrations may stimulate greater SZP production. Future studies are needed to study and optimize a preparation method for PRP with respect to optimizing the potential benefits of PRP.
While we demonstrated the positive effects that PRP had on cell proliferation and SZP synthesis, we did not assess the effect of the PRP on cell migration or matrix synthesis and chondrocyte regeneration. In the previous reports, several publications (including reviews) demonstrated the positive effect of PRP on cell migration. 2, 23 However, the effect of PRP on the matrix synthesis and chondrogenic differentiation has not been fully understood and is still controversial. Spreafico et al 41 suggested that chondrocytes expanded with PRP maintain their chondrogenic phenotype, while Drengk et al 10 showed that reduced type II collagen production in PRP expanded chondrocytes. The difference in these findings may be related to different techniques in PRP preparation.
To our knowledge, this study is the first to demonstrate the biochemical and biophysical effects of PRP on SZP synthesis and cartilage boundary lubrication. In sum, PRP stimulated cell proliferation in ACL-, articular cartilage-, and synovium-derived cells, and SZP synthesis was enhanced in the latter 2 cell types. Of note, synovium was the most potent source of SZP production in response to PRP treatment. Furthermore, PRP contains endogenous SZP and may function as a boundary lubricant of articular cartilage. These findings are consistent with previous basic science and clinical studies that demonstrated the potential benefits of PRP in regenerative medicine, 1, 23, 34, 41 and they provide evidence for a mechanism of the clinical efficacy of PRP in the treatment of OA of the knee. In conclusion, PRP may serve as a cost-effective and autologous source for replenishing the diminished boundary-lubricating ability of SF in injured as well as arthritic knees.
